ABSTRACT: Laboratory studies were conducted to determine the adsorption and movement of cypermethrin on surfactant-free (natural) and surfactantamended soils at different micelle concentrations (below the CMC, at the CMC and above the CMC) using batch equilibrium and soil TLC techniques. The measured equilibrium adsorption isotherms for both surfactant-free and surfactant-amended soils were of type C and in close agreement with the Freundlich isotherm. Higher adsorption of cypermethrin in both types of system was observed on silt loam soil than on sandy loam soil as anticipated by the values obtained for the Freundlich constant, K F , and the partition coefficient, K D .
INTRODUCTION
Surfactants have been proposed for enhancing the remediation of soils contaminated with hydrophobic organic compounds (HOCs). Several researchers (Singh et al. 2000; Sahoo and Smith 1997; Edwards et al. 1994; Sun et al. 1995; Iglesias-Jimenez et al. 1996) have studied the effects of surfactants on the adsorption of some HOCs on soils. Recently, Guha et al. (1998) , * Author to whom all correspondence should be addressed. E-mail: shakeb4u@yahoo.co.in. Grimberg et al. (1995) and Edwards et al. (1991) have reported that surfactants above their critical micelle concentrations (CMCs) enhance the solubility of HOCs/pesticides by partitioning into the hydrophobic cores of surfactant micelles. As such, they represent an important tool in the chemical and biological remediation of contaminated soils and sediments. Surfactants may also affect the microbial remediation of HOCs in soils by increasing the accessibility of organic compounds to micro-organisms (Rosenberg 1986) .
Cypermethrin [(RS)-cis,trans-3-(2,2-dichlorovinyl)-2,2-dimethyl cyclopropane carboxylate] is a synthetic pyrethriod with high insecticidal activity, low mammalian toxicity and adequate stability in air and light (Kaufman et al. 1981; USDA 1995) . It is very effective against a number of lepidopteran insects. Its behaviour, bioefficacy, movement, persistence and degradation in soils, sediments and water have been studied (Roberts and Standen 1981; Gupta et al. 1990; Agnihotri et al. 1986 Agnihotri et al. , 1989 . Kumari and Singh (1993) have studied the sorption thermodynamics of cypermethrin on soils. Recently, Singh and Singh (1996) have reported the influence of co-solvents on the adsorption of cypermethrin on soils and tested the co-solvent theory proposed by Rao et al. (1985) . Few reports exist in the literature on the effect of surfactants on the movement of cypermethrin in soils (Singh and Raj Kumar 2000) and no information whatsoever is available regarding the adsorption of cypermethrin on soils amended with surfactants at different CMC values.
Hence, an attempt has been made in the present investigation to study the adsorption of cypermethrin and its movement in soils amended with surfactants [cetyl trimethyl ammonium bromide (CTAB), polyoxyethylene sorbitan monolaurate (Tween '20') and sodium dodecyl sulphate (SDS)] at different micellar concentrations (below the CMC, at the CMC and above the CMC) with a view to understanding how such adsorption is altered by the presence of surfactants when both co-exist in soils as a result of human activity. In addition, the possible development of the use of surfactants in solving pollution problems posed by cypermethrin in soils has been examined.
EXPERIMENTAL

Materials
Soil samples were collected at a depth of 0-30 cm from cultivated fields with no background of pesticide application at the village of Lahrota in the Aligarh district (U.P.) and the village of Doiwala in the district of Dehradoon (Uttaranchal) in India. The soils were dried, crushed and sieved and their physicochemical properties determined by standard techniques. The results obtained are summarized in Table 1 .
Cationic, non-ionic and anionic surfactants, viz. cetyl trimethyl ammonium bromide (CTAB), polyoxyethylene sorbitan monolaurate (Tween '20') and sodium dodecyl sulphate (SDS), were obtained from the Central Drug House Pvt. Ltd., Mumbai, India. Their properties are listed in Table 2 . Cypermethrin (92.87%) was obtained from M/S Bharat Pulverising Mills Ltd., Mumbai, India. All other chemicals and reagents were of BDH (AR) grade.
A stock cypermethrin solution of 1000 µg/ml concentration was prepared by dissolving the requisite amount of cypermethrin in acetone. Cypermethrin is extremely hydrophobic and quickly adsorbed from aqueous solution onto the walls of the container. To avoid this, the containers used for the present studies were rinsed thoroughly with n-hexane before use.
Methods
Preparation of surfactant-amended soils
Soils amended with cationic, non-ionic and anionic surfactants at different concentrations (below the CMC, at the CMC and above the CMC) were prepared by adding such surfactants at 1.0, 3.8 and 25.0 g/kg natural soil for the cationic variety, 0.05, 0.14 and 25.0 g/kg natural soil for the nonionic variety and 1.0, 2.38 and 25.0 g/kg natural soil for the anionic variety, respectively. The surfactants were mixed thoroughly with the soils by adding the requisite amount of distilled water and then left overnight to reach equilibrium. These soils were than dried at room temperature and used for cypermethrin adsorption and movement studies. Such amended soils were intended to imitate the conditions existing in surfactant-contaminated soils irrigated with cypermethrincontaining wastewater.
Adsorption studies
Batch equilibrium adsorption isotherms of cypermethrin on soils free from surfactants and amended with surfactants at different concentration values were obtained from acetone/water mixtures at a fixed volume fraction (f s = 0.50) by placing 0.0, 1.0, 2.0, 3.0, 4.0, 5.0, 6.0, 8.0 and 10.0 ml, respectively, of a cypermethrin solution of 1000 µg/ml concentration into a number of 50-ml glass-stoppered conical flasks. It should be noted that it was not possible to evaluate the adsorption The total volume of each flask was made up to 20 ml by adding the necessary amounts of acetone and distilled water to obtain an f s value of 0.50. Then, 1 g of either a surfactant-free soil or a soil amended with surfactant of different CMC values was added to these solutions and the resulting suspensions shaken in an incubator at 25°C for 24 h employing a shaking period of 3 h. Preliminary experiments indicated that there was no measurable increase in cypermethrin adsorption after 24 h. The suspensions were then centrifuged at 15 000 rpm for 10 min using a Beckman model L3 -50 ultracentrifuge and the supernatant cypermethrin estimated using GLC techniques (Kumari and Singh 1993) . All experiments were carried out in duplicate. The amount of cypermethrin adsorbed was calculated as the difference between the initial cypermethrin concentration and the concentration of that present in the equilibrium solution according to the expression:
(1) where x/m is the concentration of cypermethrin in the soil (µg/g), C 0 is the initial concentration of cypermethrin in solution (µg/ml), C e is the final equilibrium concentration of cypermethrin in solution (µg/ml), V is the total volume of the solution and W is the weight of soil employed.
Movement studies
Soil TLC was used to study the effect of surfactants on the movement of cypermethrin in soils. Soil TLC plates of 0.05-mm thickness were prepared by spreading surfactant-free and surfactantamended (concentrations below, at or above the CMC) soil/water slurries on 20 × 20-cm clean glass plates with the help of a TLC applicator. The resulting plates were dried at room temperature and then activated and deactivated. Two lines were scribed on each plate at distances of 3 cm and 13 cm above the base, allowing a standard development distance of 10 cm on all the plates.
Using a lambda pipette, a cypermethrin solution of 1000 µg/ml concentration was then applied as a spot on the TLC plates at a point 3 cm above the bottom of the plates. A 2-cm wide strip of paper towel moistened with distilled water was wrapped around the bottom of the plates to prevent disintegration of the soil layer when in contact with water. The plates were developed in distilled water up to the upper line using ascending chromatography. The developed plates were allowed to dry in air and the movement of cypermethrin detected by maintaining the developed air-dried plates in a sealed iodine vapour chamber. The presence of cypermethrin was indicated by brown-coloured spots and its movement expressed in terms of the R f value (Singh et al. 1977) .
RESULTS AND DISCUSSION
Figures 1 and 2 [(a)-(c) in both cases] show the adsorption isotherms of cypermethrin on surfactantfree soils (natural) and on soils amended with surfactants applied at different CMC values. All the isotherms clearly show that adsorption followed the order silt loam > sandy loam soil on surfactant-free and surfactant-amended soils at all CMCs studied. The higher adsorption on silt loam soil may be due to the higher amount of organic matter and clay content in this soil relative to sandy loam soil. These isotherms were of C-type according to the classification of Giles et al. (1960) showing a constant partition of adsorbate between the adsorbate and the adsorbent. In all the cases, the adsorption data could be described by the empirical Freundlich adsorption equation, i.e. (2) where K F and 1/n are constants depending on the nature of the cypermethrin, soils and surfactants. The dimensions of K F are µg
(1 − n) /(ml g) while 1/n is a dimensionless constant. For the plots depicted in Figures 1 and 2 , the values of the correlation coefficients were r 2 = 0.98. The values of K F and 1/n for both natural and surfactant-amended soil/cypermethrin combinations were estimated by linear regression of the logarithm of the transformed data. The values of 1/n were close to unity both in surfactant-free and surfactant-amended soils at all CMCs studied, except for sols amended with non-ionic and anionic surfactants at and above the CMC. Thus, in addition to the Freundlich constant K F , it was considered appropriate to use the distribution coefficient, K D , as a measure of the soil adsorption capacity because it represents the relationship between the concentration of cypermethrin in the soil and the equilibrium concentration in the solution.
From the adsorption data, the statistical average of the distribution coefficient, K D , for the surfactant-free soil and for soils amended with surfactants at different CMC values was calculated from the relationship: (3) where ∑ stands for the summation of the values. The values of K F , 1/n, r 2 and K D thus evaluated are listed in Tables 3 and 4 .
Examination of these data shows that higher values of K F and K D were observed for silt loam soil relative to sandy loam soil. This confirms the order of cypermethrin adsorption both on surfactant-free soil and on soils amended with surfactant at all CMCs studied [ Figures 1 and 2 (a) -(c) in both cases]. The K F and K D values also confirm that cypermethrin adsorption onto both soils was greater on cationic surfactant-amended soils followed by non-ionic and anionic surfactant-amended soils at all CMCs studied (Tables 3 and 4) .
Effect of the cationic surfactant (CTAB)
Figures 1(a) and 2(a) depict cypermethrin adsorption onto CTAB-free and CTAB-amended soils at different CMC values. These figures clearly show that such adsorption increased slightly on soils amended with surfactant maintained below the CMC value relative to the situation on CTABfree soils. This is demonstrated by the increased values of K F and K D observed (Tables 3 and 4) , the increase in adsorption being probably due to the fact that CTAB is cationic in nature and must therefore have been adsorbed (cation-exchanged) by the soils in the form of hemi-micelles or admicelles (West and Harwell 1992) .
These soils subsequently adsorbed higher amounts of cypermethrin by hydrophobic interaction, thereby causing an increase in K F and K D relative to their corresponding values with respect to their CTAB-free equivalents. Thus, a marked increase in adsorption was observed on soils amended with CTAB at and above its CMC value. For surfactant maintained at the CMC value, the values of K F and K D increased by 202% and 28.8% for sandy loam soil and by 99.5% and 26.8% for silt loam soil, whilst for surfactant above the CMC value the K F and K D values
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increased by 298% and 47.2% for sandy loam soil and by 174.5% and 49.4% for silt loam soil relative to the corresponding values for surfactant-free soils. The higher adsorption of cypermethrin on soils amended with CTAB at or above the CMC value was probably because of the lower adsorption capacity of CTAB in the monomeric rather than micellar form. These results are in accordance with the work of Wagner et al. (1994) who reported the use of cationic surfactant to modify soil surfaces in an attempt to promote sorption and retard the migration of hydrophobic compounds. and by 38.08% and 3% for silt loam soil, relative to the situation for the unamended material. This could have been due soil dispersion induced by Tween '20' (Mustafa and Letey 1968) increasing the number of available adsorption sites, rather than to any interaction between Tween '20' and the cypermethrin molecules. For soils amended with Tween '20' at or above the CMC, cypermethrin adsorption decreased relative to the situation on Tween '20'-free soils. This decrease was greater for soils amended with Tween '20' at a concentration above the CMC value relative to the situation with soils treated by the same surfactant maintained at the CMC value. When the surfactant was held at the CMC value, the K F and K D values decreased by 45.06% and 15.69% for sandy loam soil and by 39.74% and 39.85% for silt loam soil, whilst when the surfactant was at a concentration above the CMC decreases in K F and K D of 78.18% and 37.05% were observed for sandy loam and of 66.89% and 45.90% for silt loam soil relative to the situation for the corresponding unamended soils. When the surfactant was at a higher concentration (at or above the CMC value), the proportion of Tween '20' adsorbed by the soil adsorption sites was much smaller than when the surfactant was at a concentration below the CMC. Because of the higher concentration of Tween '20', the surfactant molecules are believed to compete and partly replace the free cypermethrin molecules adsorbed on the soil surface. These molecules would be incorporated into the micelle in the solution phase, resulting in a decrease in cypermethrin adsorption. Similar results have been reported by a number of other workers (Sun et al. 1995; Aronstein et al. 1991) 
Effect of the non-ionic surfactant (Tween '20')
Effect of the anionic surfactant (SDS)
The effect of the anionic surfactant (SDS) on the adsorption of cypermethrin is presented in Figures 1(c) and 2(c). Cypermethrin adsorption on soils amended with SDS at concentrations of the latter below the CMC slightly increased, whilst a marked decrease in adsorption relative to unamended soils was observed when treatment was with surfactant maintained at or above the CMC value. On examination of the data listed in Tables 3 and 4 This increase and decrease in adsorption may be attributed to several mechanisms such as (i) competition for active hydrophobic adsorption sites on the soil surface between cypermethrin and SDS molecules, (ii) SDS equilibria involving monomers, micelles and hemi-micelles/ admicelles (monomer adsorbed on the soil surface), (iii) partition of the cypermethrin among hydrophobic soil adsorption sites, SDS micelles (solubilization) and organominerals (hemi-micelles/ admicelles) formed on the soil surface and (iv) interaction between cypermethrin molecules and SDS monomers. The results obtained in the present study confirm those of other workers (West and Harwell 1992; Ziqing et al. 1995; Valsaraj and Thibodeaux 1989; Jafvert 1991; Park and Jaffe 1993) who have studied the effect of certain anionic surfactants on the adsorption, partitioning and solubilization of non-ionic organic compounds.
The R f values obtained from the soil TLC studies were found to be inversely proportional to the values of the Freundlich adsorption constants, K F , and partition coefficients, K D (Tables 3 and 4) , for both the unamended soils and for those amended with surfactant maintained at the CMC value. The lower R f values for unamended and surfactant-amended silt loam soil confirm the adsorption order mentioned above. The higher values of R f for soils amended with anionic surfactant followed by those for soils amended with non-ionic and cationic surfactants also confirm the above order of adsorption at all CMC values .The results are in accordance with the work of Singh and Raj Kumar (2000) .
The affinity of cypermethrin towards the organic carbon and clay contents of the soils was evaluated using the equations proposed by Grestl (1984) . The corresponding values obtained are listed in Tables 3 and 4 . These parameters provide an indication of the extent to which chemical partition occurred between the solid and solution phases in the soil. They also indicate the possibility of the chemical leaching through the soil or whether it would remain immobile, and as a result play a significant role in assessing the environmental fate of the pesticide in the soil. Higher K oc values were obtained for sandy loam soil both unamended or surfactant-amended relative to those for unamended and surfactant-amended silt loam soil at all CMC values. This is a common obser-vation for soils with a low organic carbon content. Hamaker and Thompson (1972) suggested that this tendency was due to the mineral phase making a significant contribution to the adsorption process. In the present study, because of the higher K oc values observed, cypermethrin adsorption could be better correlated with the clay content rather than the organic content of the soil. Similar results have been reported by a number of other researchers (Wahid and Sethunathan 1978; Singh 1996) .
CONCLUSIONS
The results of this study indicate that the behaviour of cypermethrin (a hydrophobic pyrethroid) in soil systems amended with micelle-forming surfactants depended on (1) the nature of the surfactant, i.e. whether it is cationic, non-ionic or anionic and (2) the concentration of the surfactant. Although enhancement of the apparent water solubility of HOCs was generally observed, the effect of surfactant addition to soil systems on the partitioning of pesticides is extremely complex. The results described herein are quite interesting in that they afford basic data for the possible use of surfactants in solving problems of soil contamination posed by cypermethrin.
